Because Pb is one of the most toxic elements and is found as a major contaminant in mining environments, this study aims to identify the distribution of this element in host phases issued from the alteration of mine wastes. The sampling location was a former mine near Oakland, California (USA). This mine was once a source of sulfide minerals from which sulfuric acid was made. The material discussed in this paper was collected in iron hardpans that were formed within the waste rock pile resulting from the excavation work. In most contaminated environments (soils, mine waste), secondary metal-bearing phases arising from alteration processes are usually fine-grained (from 10 µm to less than 1 µm) and highly heterogeneous, requiring the use of micron-scale techniques. We performed microRaman spectroscopy, microscanning X-ray diffraction (SXRD), and microextended X-ray near edge spectroscopy (XANES) to determine the relationships between Pb and a Ba/Fe-rich host phase. Micro-Raman spectroscopy suggests that Pb is preferentially incorporated into barite rather than goethite. Results from micro-Raman experiments show the high sensitivity of this analytical tool to the incorporation of Pb into barite by being especially sensitive to the variations of the S-O bond and showing the characteristic bands due to the contribution of Pb. This association is confirmed and is well-illustrated by micro-SXRD mineral species maps showing the correlation between Pb and barite. Microfocused XANES indicates that Pb is present as Pb 2+ , agreeing with the in situ physicochemical parameters.
Introduction
One of the difficulties in studying the distribution of trace elements released from soils, sediments, and ores during weathering processes under various geochemical conditions lies in the intrinsic heterogeneity of environmental solid samples. This necessitates the use of chemically sensitive techniques with micron to submicron resolution (1) (2) (3) (4) . Furthermore, the alteration products derived from metalbearing phases are usually of small size, frequently are poorlyor noncrystalline, and may correspond to complex minerals, intimate intergrowths, or with fine scale heterogeneity, making them difficult to identify by more conventional analytical techniques (5) (6) (7) .
The bioavailability of metals or metalloids is strongly correlated to their redox state and chemical form (e.g. refs 8 and 9) . Their study is of particular interest because their bioavailability and potential migration can pose a risk to human health and the environment, particularly for Pb as found, for example, in the Coeur d'Alène district (Idaho, USA) (10) . The primary source of Pb is galena (PbS), which, after oxidation, may lead to the precipitation of various secondary phases such as carbonates (e.g., cerussite PbCO), sulfates (e.g., anglesite PbSO4), or phosphates (e.g., pyromorphite Pb5Cl(PO4)3) (11) (12) (13) (14) (15) . Iron or Mn oxides have also been reported as potential carriers of Pb (16) (17) (18) .
In this investigation, samples consist of iron hardpans developed within waste rock pile originated from a former mining site located in a heavily urbanized area in Oakland, California (USA). Results on the mineralogical distribution (host phases) and speciation of Pb in a sulfide ore body that was mined for sulfuric acid are presented. This study aims also to evaluate the stability of the different Pb-bearing phases with the evolution of the sulfide ore body alteration. Furthermore, the watershed where the waste rock pile is located consists of waters affected by acid mine drainage and nonaffected streams. The former mine discharges water from a buried adit to a small creek down the waste rock pile and shows acidic pH (∼3), Eh ∼ 500 mV, and various potentially toxic elements such as Cu (47 µM) and Zn (138 µM) in high concentrations (19) . Then, this small creek merges with other, nonaffected, streams and, mainly due to dilution, the pH is neutralized and the chronic toxicity measured at the mine adit decreases downstream of the watershed (19) .
Materials and Methods
Samples were collected in a former mining site with a highly heterogeneous waste rock pile in which sulfides that have not been processed are now exposed to weathering and where iron-rich hardpans have emerged. The studied phases were observed in these hardpans. The mine exploited an ore body sulfide confined to a keratophyre complex that is an intermediate and silicic volcanic and hypabyssal rock often associated with basalts (20) . According to Clark (21) , this keratophyre complex is located above a carbonaceous shale deposit, likely belonging to the Knoxville formation.
Thin (30 µm) sections made of epoxy-embedded material were used for all analytical analyses. A room-temperaturecuring epoxy was chosen to avoid resin-induced changes in speciation. A standard of Pb sorbed onto barite was prepared by adding 3 wt % Pb(NO3)2 to an ultrapure formula synthetic barite BaSO4 with a 24 h contact time, based on the protocol proposed by Davranche and Bollinger (22) . This amount of Pb was chosen to match the concentration measured in natural samples.
Micro-Raman spectroscopy was performed using a Dilor XY 800 Raman spectrometer giving a sample footprint of 1 micron (microscope with a ×100 objective) (ISTO facilities, Orléans, France). The excitation source is an Ar + laser (Coherent Radiation) operating at 514.5 nm. The incident power was limited to 2-5 mW to avoid local heating of the sample that may cause mineral transformation as reported in previous studies (23) (24) (25) . Typical spectral resolution for the Raman system with an 1800 1/mm grating monochromator was less than 1 cm -1 with a spatial resolution of 1 µm 3 .
The spectra were collected at room temperature from 60 to 1579 cm -1 with a 15 min integration time. Secondary (SE) and backscattered (BSE) images were obtained with a Philips XL-30 scanning electron microscope (SEM) coupled to an energy dispersive X-ray analyzer system (EDAX) for morphological and semiquantitative chemical information (SERMIEL, Limoges, France). Electron probe microanalysis (EPMA) was used to investigate in situ the major elements (CAMECA SX-50 equipped with an EDAX system and 4 wavelength dispersive spectrometers operating at 15 kV and 4 nA beam current) (CAMPARIS, Paris, France). Standard reference materials (natural and synthetic silicates, oxides, and sulfide minerals) were used to calibrate the microprobe.
Chemical analyses were performed for heavy elements (Z g 25) by nuclear microprobe particle-induced X-ray emission technique (micro-PIXE). These measurements were carried out at the CEA/CNRS, Laboratoire Pierre Süe (LPS) nuclear microprobe facility in Saclay (France) using 3 MeV H + . PIXE spectra were collected using a Si(Li) X-ray detector. A 123 µm-thick Mylar filter was positioned in front of this detector to stop backscattered protons. A 250 µm-thick Al-filter was added to the Mylar filter to attenuate the Fe KR X-rays. The intensity of the proton beam, used to acquire elemental distribution maps, was fixed at 200 pA and was focused to approximately 2 × 2 µm. Samples were scanned under the beam on selected areas. Pyrite and Cu metal were used as calibration standards for the PIXE analyses.
Microfocused scanning X-ray fluorescence (SXRF), micro-X-ray absorption spectroscopy (XAS), and microscanning X-ray diffraction (SXRD) measurements were carried out at beamlines 10.3.2 and 7.3.3 of the Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, USA (26, 27) .
For the micro-SXRF and micro-XAS experiments at beamline 10.3.2, samples were attached to an XYZ stage oriented 45°to the beam. Micro-SXRF elemental maps were obtained by scanning a thin section under a monochromatic beam with incident energies at 12 985 and 13 085 eV and with a beam spot size on the sample of 5 µm (H) × 5 µm (V) full width at half-maximum (FWHM). These maps were done at two energies because the Pb and As fluorescence energies are the same to within the detector resolution, so in order to separate Pb from As, one map was done above the Pb L 3-edge and one below, and the Pb signal was derived by subtraction. The step size was 5 × 5 µm, and the dwell time per point was 50 ms. Micro-SXRF maps and micro-XAS spectra were collected in fluorescence-yield mode using a seven element Ge detector. Pb L 3-edge EXAFS spectra were recorded on several spots localized within one 7 µm × 7 µm area. The energy calibration for the XANES experiments at the Pb L 3 edge was set to 13 035 eV for Pb metal. Five XANES scans were acquired on each spot and were averaged. The XAS spectra were then background subtracted and normalized post-edge using standard procedures. XAS data analysis was performed using the 10.3.2 LabView software suite (http://xraysweb.lbl.gov/uxas/Beamline/Software/Software-.htm) and the IFEFFIT suite software.
Microfocused SXRD maps were recorded at beamline 7.3.3 (now 12.3.2) (27) using an incident X-ray beam at 6 keV and a 1024 × 1024 pixels MAR CCD detector with an exposure time of 300 s per frame and a total scan acquisition time of 18 h for an area of 126 µm × 88 µm. XRD patterns were recorded in reflection geometry with the thin section samples fixed to an XYZ stage oriented at 10°to the incident X-ray beam. The incident photon beam was 1 µm × 1 µm, with a lateral beam size on the sample oriented at 10°of 300 µm (H) x 400 µm (V). Monochromatic XRD data were processed using the microdiffraction analysis software XMAS available Figure 1 shows an example of an elemental map obtained by SEM-EDAX on two grains of Pb-bearing phases. Barium, Fe, Pb, and S appear to be similarly distributed in the small grains located in the pores of the sample. Moreover, Fe is more widely distributed and contributes to other phases. However, because of the overlapping of the spectral windows between PbMR and SKR, it is difficult to distinguish Pb from S. EPMA shows that Pb concentrations are quite homogeneous over the Fe and Ba-rich compounds containing up to 3.7 wt % of PbO (Figure 1 ) and that these compounds are assumed to be hydrated or hydroxylated as the analyses sum up to 88 wt %.
Results and Discussion
Because of its higher sensitivity compared to EPMA, PIXE is used to determine trace element content (28, 29) and affords higher precision in determining elemental distribution. The microfocused PIXE map of Ba, Fe, and Pb in the sample highlights the distribution of Pb, which closely matches that of Ba (Figure 2a ). Despite the fact that SEM, EPMA, and PIXE enable us to determine the distribution of Ba, Fe, and Pb as well as to quantify their contribution to the studied phases, these techniques were not sufficient in this case to mineralogically identify the Pb-host phase.
A typical micro-Raman spectrum obtained on that metalbearing phase is presented in Figure 2b . The bands at 241, 296, 391, 548, 683, 1130, and 1298 cm -1 have been ascribed to goethite (23, 30, 31) . Those at 456 (ν2), 617 (ν4), 631 (ν4), 986 (ν1), and 1130 (ν3) cm -1 have been ascribed to barite, with other weak bands at 1071 and 1093 cm -1 attributed to ν3 vibrational modes (32) (33) (34) . The sharp ν1 band shows a shoulder at 973 cm -1 , and a very weak band has also been noted at 1048 cm -1 , close to bands obtained for PbO · PbSO4 phases at 976 and 1055 cm -1 (33) . The Pb-rich phase is thus identified as a mixture of barite and goethite at the resolution of the Raman (here, 1 µm 3 ). Micro-SXRD was performed to complement the microRaman results and to determine whether or not Pb is equally distributed in goethite and barite or if Pb is bonded preferentially with one or the other. Figure 3 shows micro-SXRD mineralogical maps, evidencing the discrimination of barite from the goethite. The distribution maps of barite and goethite are presented at their most intense peaks at 3.44 and 4.18 Å, respectively. These mineralogical maps indicate that the grains are mainly composed of barite and that goethite constitutes the other phases distributed around the pores. Thus, the micro-SXRD mineral species maps show that barite is the main component of the grains containing Pb.
Therefore, Raman investigations and synchrotron-based studies both suggest that, in the analyzed Pb-rich phase, Pb is incorporated into barite by Ba/Pb substitution instead of into goethite. Lead associated with barite in mineralized veins has been extensively reported in various deposits such as for the Mississippi Valley-type ore deposit found within carbonate rocks (35) . This association may be attributed to coprecipitation of Pb-rich sulfides (galena) with the gangue minerals such as sulfates (barite, anhydrite) (36, 37) . In our case, no evidence of galena has been reported. The major sulfides detected were pyrite, sphalerite, and chalcopyrite, and none of them contain Pb-rich inclusions (21) . However, Pb, in the hundreds of ppm range, has been reported in barite from volcanic-hosted massive sulfide deposits (38) and can also be linked to barite as an anglesobarite called hokutolite (39) (40) (41) . Anglesite (PbSO4) is isostructural with barite and has similar cell parameters (32, 42) . Thus, possible substitution of Ba by Pb, Ba(1-x)PbxSO4, if not common, has been reported, forming a complete solid-solution series between barite and anglesite (41, 42) . From the Ba-rich end toward the Pb-rich end of the solid-solution series, the cell parameters vary continuously and systematically (40) . In this study, the incorporation of Pb within barite is evidenced by the characteristic bands at 1047 cm -1 (PbO · PbSO4) (33) and by the shift of several bands reported in the Raman spectrum, for instance at 1071 and 1093 cm -1 as compared to those observed for pure barite at 1075 and 1110 cm -1 , which are attributed to the ν3 vibrational modes of PbSO4 (32) . Furthermore, the peak of the symmetric stretching mode (ν1) measured at 986 cm -1 in our sample was already reported for pure barite in previous studies (e.g., ref 34) or with frequency values slightly higher at 987 (32, 43) , 988 (33), or at 990 cm -1 (41) . The ν1 band corresponds to the stretching of the S-O bond in the SO4 2-group (νSO4 2-) and is the most characteristic for determining the composition of the solidsolution between anglesite and barite. Thus, in our case, the ν1 band may also indicate the presence of Pb according to the ν1 band reported in previous work (33, 41) and because of the shoulder at 973 cm -1 . Moreover, Lee et al. (41) show that the Raman shift of the ν1 band is a function of the BaSO4 content in the (Ba, Pb)SO4 solid solution, ranging from 978.5 cm -1 for anglesite (44) to 986-990 cm -1 for barite (32-34, 41, 43) . The ν1 band on our Raman spectrum was observed at 986 cm -1 , which should correspond roughly to 70-90% of BaSO4 content (mol %) according to previous work (41) , and strongly influences the cell parameters. The cell parameters of the studied Pb-rich barite have been determined by µSXRD To determine the speciation of Pb (oxidation state and mineralogy), Pb L3 micro-XANES were performed. Microfocused XANES spectra of the sample and the Pb-sorbed barite model compound are compared in Figure 4 . Normalized and first derivative spectra are shown, the latter emphasizing the details of the normalized spectra. The normalized spectrum of the model compound shows a broader band than the natural sample. Both sample derivative spectra exhibit a peak at 13 042-13 045 eV, corresponding to the 2p f 6d transition indicative of the Pb 2+ form (46) . Micro-XANES data show that Pb is present as Pb 2+ , which is in agreement with the in situ geochemical conditions (3 < pH < 4 and Eh ∼ 500 mV). The incorporation of Pb within barite should be stable under these conditions; furthermore, barite shows very low solubility under atmospheric conditions and increases with increasing temperature (38) . However, this solubility is highly dependent on the presence of other elements such as metals, which may combine with barite. Barite is the only Pb-bearing phase identified in the iron hardpan of the mining site and constitutes a very small fraction (∼ 1%) of the determined mineralogy; however, the watershed includes a part of the sulfide ore body that was not mined, in which other Pb-bearing phases may have precipitated. Thus, studying the stability of barite to forecast the potential release of Pb is necessary because of the Pb amounts trapped by this mineral and because the watershed is located in a heavily urbanized area. It is, however, not sufficient, and further studies of the nonaffected sulfide ore body are required.
The combination of in situ micro-Raman, SXRD and XANES analyses show the mineralogical distribution of the highly toxic element Pb and permit identification of its association with Ba. This approach allowed us to discriminate which of the minerals between barite and goethite could trap this element in the studied hardpan. Here, Pb is incorporated into barite, forming an anglesitebarite solid-solution. Raman bands allow qualitative identification and give an estimate of the Pb/Ba ratio. The waste rock pile where the samples were collected is directly affected by runoff. However, according to the high stability of barite in atmospheric conditions, the incorporation of Pb in this mineral acts as a natural efficient sink for Pb.
